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ABSTRACT: This report has bean written to describe a High 
Speed Recording System for determining peak pressures in the 
5-90 psi pressure range fron explosions in air by  the velocity 
method,- This equipment Is nou in us-^ in the Mobile Air Bl^st 
Laboratory at Stump Keck, Maryland., 

A brief review is given of the theoretical basis for 
determining peak pressure by measurement of shock and sound 
velocities. A description is given of the function of each 
component of the equipment, from the gauge to the camera, The 
chronological sequence of events is described* A typical record 
Is illustrated and the method of analysis is described-  Circuit 
diagrams are included for all units of the recording system.. 
The accuracy limitations of the recording system are discussedr 

The a%rerage standard deviation using this equipment varies 
from two per cent at lov; pressures to seven per cent at high 
pressures*. Based on the operation of this velocity recording 
system, suggestions for future improvements are included. 
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fJ?his report was prepared under task number NOL -Re2c~2~l-52 
as a description of the instrumentation used for measuring 
pressure by the velocity method at the Naval Ordnance 
Laboratory's air blast field station at Stump Neck, Maryland. 

Tnis equipment is a modified version of that designed and 
listalled aboard the EPCS 1413 by Dr„ Harry II, Hall, and 
described in reference (a). The present equipment was Installed 
aboard the air blast trailer by Mr., Carl Reynolds, III and 
William J. Donley under the supervision of Mr« E» Mo Fisher,, 

The author is especially indebted to Mr., Donley for his detailed 
c-ialn-aig   Q*    the   -S-"!U£>"0€."   f*f"  iiTiftt'st.l nv\   of*   "jarirflis   "niMrinnfirif.s   nf* 
this equipment and to Mr, E* Mo Fisher who initiated this report 
and aided in writing various portions of it,. 

The detailed analysis of the operation of individual components 
of this equipment was necessitated because this report will be 
Ui2u as a maintenance manual oy  those operating the equipment-. 
Those desiring merely a general description may omit these 
detailed portions« 

The findings represented herein are the opinions of the author 
ane are not necessarily the opinions of the Naval Ordnance 
La>-oratory, 

W, Go SCHINDLER 
Rear Admiral, TJSN 
Commander 

/JAMES So ABLARD 
{Jay  direction 
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I.  INTRODUCTION 

1. Investigations of the properties of explosions In air are 
made by recording the pressure time curve or the parameters of 
the pressure-time curve, such as peak pressure and positive 
impulse. The techninues for measuring the blast parameters 
involve the use of mechanical and electrical gauges. 

2, Mechanical gauges, though much simpler than electrical 
gauges, have not been developed to tie point where pressure-time 
curves can be recorded with adequate fidelity. 

3» The electrical methods depend oi the measurement of an 
electrical signal, due to mechanical displacement produced by 
the pressure wave in the elements of a pressure-sensitive 
pick-up. 

4„ Certain classes of crystals., wh^n subjected to mechanical 
strsss, have the property of developing electrical charge on 
various crystal faces. Such crystals are called ''piezoelectric" . 
Piezoelectric gauges have beert used hy  most laboratories engaged 
"xti  air bj.ast work (reference c) 5 and .jre being used here at the 
Maval Ordnance Laboratory. Tourmal ins has beer used exclusively- 
gi though others such as bariu?! titanate are neu: Leiag considered. 

5« Pressure measurements vhich are determined airecrly by a 
c-^ijt'ir» aw. in t pnpril . »-PP.or»•(-•=><~1 t-v» "h" ,-)i 7*-.-,nti \r \r   'b;3 vi"*G,*,rura 

field caused by the presence of the gauge in the path of the 
shod; wave.  Consequently these gauges do not record the"truev' 
pressure in the blast wave. 

6, Huwei/pr, M I'luc'n nfiLtfii:' indication of ths " tru.3" pressure in 
a shock front may be determined by measuring the speed of 
propagation of the front ir a dJree;Ir>n normal to itself.  Inasmuch 
as shock-velocity measurements are not affected by the distortion» 
of the shock with the measuring d-av.-ces, pressures determined 
this technique are called "true" pressures as distinguished from 
the pressures measured directly hy  a pressure sensitive gauge. 

II*  .BASIC COKSID/JPArlOHß 

7. The relation between the velocity of propagation and the 
pressure in a shock wave is obtained from the Fan-tine Hugoniot 
equations and the properties of the medium, The ?ankine-Hugoniot 
equations are bassd oa the conservetion of mass, momentumband 
energy across the shock front- '3/ xssuming thet the ratio of 
tne specific heat at constant pi a -,s \re to that at constant volume 
is '• constant across Lhe shock fron:, and by assuming that air 
obeys the ideal gas law, II is possible to derive the equation 

1 

-¥»**- 
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/*       \ff-l 't- -b    -' (See appendix for derivation) 

Where: 

P  •» peak pressure in the shock front in excess of 
atmospheric pressure 

P0- =s atmospheric pressure 
U     » velocity of propagation of shock front 
c0 o speed of sound in undisturbed air 
Y'  =» ratio of specific heat at constant pressure 

to specific heat at constant volume (1.^0 for air). 

8, All measurements of peak pressure by the velocity method have 
been calculated using this equation. To determine the shock 
pressure P8 it is necessary to evaluate the shock velocity U , 
the sound velocity c0, and to know the barometric pressure Po. 
However since U  is the shock velocity relative to the medium, 
motion of the air (wind) leads to an incorrect measurement of U 
by stationary devices. Therefore the instantaneous wind velocity 
must also be determined= la addition- inasmuch as the shock 
velocity is measured over a finite interval, it is necessary to 
evaluate the distance from the explosion at which the average 
shock velocity over the interval of measurement is equal to the 
instantaneous velocity. 

9. The speed of sound is determined by using as sources of sound 
two detonator caps, one at each end of the line of velocity 
gauges. However, because of the effect of wind velocity, the 
apparent sound and shock velocities as measured on the records 
are in error. If c0 is true sound velocity, ci the apparent 
"sound velocity as measured from detonator cap #l5 and 02 the 
apparent sound velocity measured using detonator #2, we get 

cl «" c0 + W 
cos & 

Cg B CQ - W cos & 

where e  is the angle the wind makes with respect to the line of 
velocity gauges and W is the velocity of the wind. 

Adding the two equations gives the true sound velocity 

A    CT - Cp 
O g-_ 

Subtracting the two equations gives the component of the wind 
velocity in the direction of the line of gauges or 

W COS   ra ~1 
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This latter correction must be applied to the apparent 
shock velocity measurement to give the "true" shock velocity. 

If no wind is present, the speed of sound c can be obtained 
from the measurement of the air temperature by using the formula 

4 ( l £*_) 
V   273/ 

•Wher-et 
c ~ speed of sound in dry air at temperature t 
c£ s speed of sound in dry air at O^C  (1083*3 ft/sec used) 
t = temperature of air in degrees centigrade 

10. In using this latter method, the effect of humidity on the 
speed of sound must be taken into consideration. The variation of 
the speed of sound with humidity is given by 

c_ - c•• / 1 foäUQ P  \ 
TE -  d( - '   '•'_ w j 

pa 

Where s 

cm ~ speed of sound in moist air 
Cjj ~ speed of sound in dry air 
Pw ? partial pressure of water vapo^ 
Pa ^  partial pressure of air 

11, When the speed of sound is determined by the measurement of 
the velocity of a small--amplitude shock wave, humidity affects the 
calculated pressures only through its effect on f. the ratio of 
specific heats of air, since U  5 c,, and P0 are measured quantities 
at the particular value of humidity„ At 100^ humidity the 
correction to fis 0.3 per cent and the maximum error in the shock 
pressure due to this 0„3 Ve^  cent error in f is only .13 per cent, 
as can easily be seen when substituted in original Rankine-Hugoniot 
equation.. Therefore humidity has an entirely negligible effect 
when the speed of sound is determined by velocity measurements*. 

III.  EXPERIMENTAL TECHNIQUE 

12. A pictorial vie\y of the experimental facilities may be seen 
in figures 1 and 2. In order to measure V.±$   shock wave velocity 
U  9 nine piezo-electric gauges were places  long a straight line, 
perpendicular to the shock front and at  asured distances from 
the charge. The position'of the charge-and detonators with respect 
to the line of velocity gauges are indicated in figures 39 4 and 5- 
The signal from each gauge is recorded by an oscillograph and 
rotating drum camera.  In order to obtain as short a rise time 
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as possible, the gauges are placed "face-on" to the blast, 

13. The speed of sound is determined by using the same line of 
gauges as is used for shock wave velocity and using two detonator 
caps as the source of sound, one at each end of the line of gauges. 
The two caps and charge are detonated approximately 30 ms apart. 
This technique is used primarily because it permits the determinate 
of the wind velocity at or near the instant of the explosion» 

IV.  OPERATION OF EQUIPMENT 

A. General Description of Equipment» 

14. Figure 7 is a block diagram showing the interconnection of the 
various units comprising the high-speed recording equipment» Figure 
8, 9, and 10 are schematic diagrams of the cap firing, time delay, an 
charge firing circuits. Figure 11 shows a pictorial view of the 
front of the chassis containing the above circuits. 

15«  After the pulse from the first firing circuit crips the be-sm 
brightening circuit in the Du Mont 247 oscilloscope, the beams 
remain on i-,r approximately 90 milliseconds.  Since the time 
intervals between the Tiring of the two caps and between the second 
cap and charge is 30-35 ms, this 90 ms duration is adequate«, 

16.  The timing control unit generates the millisecond, pulses used 
for measuring time. This unit remains on for only one revolution of 
the drum camera, or approximately 30-35 ms. 

17« In order to get a separate trace for the entire length of film 
for each charge and each cap, without superimposing the traces, the 
position of the spot on the oscilloscope is displaced before the 
2nd" sap and again before the charge is fired.  This is accomplished 
by the^dual time delay energizing the relays which remove a resistor 
in the grid circuit of the positioning tube in the Du Mont 
oscilloscope, thereby displacing the spot first to the center for 
the second cap, then to the bottom of the film for the charge 
(figure 18). 

18. When the firing switch Ss  is closed, the first thyratron tube 
Vg in the cap firing circuit is fired, producing a pulse through 
transformer P6134, and thence simultaneously into the beam 
brightening circuit of the Du Mont 247 oscilloscope and the trip 
input of the dual time delay. The output of the strobotron tube 
V-a fires blasting cap #lo The output of the first time delay 
operates both the relay which displaces the beam on the oscilloscpe 
and the relay which fires the second capo The pulse output from the 
second time delay operates the attenuator In the preamplifier, the 
second displacement relay, the timing control unit, and the charge 
firing circuit» 
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B. Firing Circuits« 

19* The purpose of a firing circuit is to provide a pulse of 
sufficient voltage      to fire a detonator. Except for minor 
differences, the two cap-firing circuits and the charge-firing 
circuit are Identical, The three circuits differ only ir their 
manner of being actuated. 

20. The firing circuits, shown schematically in figures 8 and 10, 
consist essentially of a 2050 thyratron, af\ SN4 strobotron and a 
self-contained power supply providing plate and heater voltages 
for these tubes. 

21. The reset switch is normally closed» 'Then this switch is 
pushed and then released, the plate supply voltage is removed 
and then reapplled to the two gas tubes. In the reset position, 
the biases are such that the tubes cannot fire until an 
additional pulse is applied. When the cap firing switch Si is 
closed, the cathode resistor in the thyratron of the first~~cap 
firing circuit is shorted, thereby firing the tube and sending 
a pulse simul't.aneously to the beam brightener circuit of the 
Du Mont 24? Oscilloscope and the trip input of the Dual Time 
Delay. The output of the strobotron fires the detonator. 

C. Dual Time Delay. 

22. The function of the Dual Time Delay is to control the 
sequence of and time intervals between various operations including 
the turning on and off of the timing unit, the firing of the charge 
and 2nd cap and the displacement of the spots on the osciDlograph, 

23. This unit, shown in figure 95 consists öf a 6SL? twin triode, 
three 2050 thyratrons,and a self-contained power sunply providing 
a plus 255 volts and a negative 105 volts. The two Cornell- 
Dubilier decade condensers in series with the 3.9 megohm resistors 
give the time delay required for the various operations involved * 

24. The pulse output from the first cap—firing circuit fires the 
first thyratron which in turn actuates the tiding unit by means of 
the Sigma relay in the cathode. Approximately thirty—thre^ 
milliseconds later, as determined by the 1st time delay, the second 
thyratron fires, the beams are displaced and the 2nd cap circuit 
is actuated« Another thirty—three milliseconds later, as determine 
by the second time delay, the third thyratron fires, actuating the 
charge-firing circuit, the second displacement and the relay which 
cuts off the timing. In addition this tube actuates the relay in th 
output of the preamplifier which attenuates the signal from the 
charge. 
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D. Preamplifier 

25<, The preamplifier, shown plctorially in Figure 12 and schematlcall 
in Figure 13^13 a low-gain two.stago amplifier, consisting of a 
cathode biased 6SJ7 sharp cut-off pentode and. a 6j? medium-mu 
triode used as a cathode-follower«. In the input there is a 
potentiometer which controls the amount of signal applied to the 
grid. In the output there is an attenuator controlled "by a glgma 
relay which is energized "by the dual time-delay unit, after a 
predetermined time interval* This attenuator and relay is necessary 
because of the need for rapidly changing from high gain in recording 
the sound from the blasting cap, to low gain for the shock wave 
velocity produced by the charge.. 

26o The signals from the two blasting caps pass through the 
preamplifier to the Du Mont 247 oscilloscope with no attenuation* 
Approximately 60 ms after the beam brightening circuit is tripped9 
the Sigma relay closes and the attenuator is inserted just before 
the signal from the charge enters the preamplifier* 

Eo Du Mont 247 Cathode-Ray Oscillograph 

27« The type 247 Cathode-Ray Oscillograph is shown in figures 12 
and 14<, It is an instrument for plotting a visual curve of one 
electrical quantity as a function of another on the screen of a 
cathode-ray tuber. It consists essentially of a cathode-ray tube, 
amplifiers for producing the deflection voltages, and a linear - 
time-base generator, and associated power supplies» 

280 In addition to being deflected vertically and horizontally, 
the electron beam may be modulated in intensity, The Y-axis or 
vertical deflection amplifier has uniform frequency response 
within 3db from 1/2 cps to 300 kc„ 

29. This oscillograph has been altered in the grid circuits of the 
positioning stage in order to provide the displacement of the beam 
position for the charge and each cap signalc For detailed analysis 
KJX    -i. vo   wjpüj. aoxva    sac    UJLIO    ujjcAatlii£,    a*<&u.    i.icLj.*i ^uiicuiwv.   UI»A*M.CXA^    pw UAA^UCW 

by the Allen B„ Du Mont Laboratories* 

Fo Recöruei" s 

30o The recorder as now used on the trailer is shown in Figures 
12 and 14 and consists of a recorder hood, lens assembly, and 
rotating-drum film holder and shutter for recording with moving 
film* The hood, made of welded sheet steel, is mounted over the 
face of the cathode-ray oscilloscope... The lens assembly is mounted 
in the hoodo The lens tube can be extended and clamped in focussed 
position«. The shutter and film holding parts of the recorder are 
separate, easily detached assemblies« Mounted within the hood and 
to one side, is an electrically operated counter, an image of whose 
face is reflected by two small mirrors, into the field of the 
recorder lens, in the plane of the oscilloscope screen0 



The characters of the counter are Illuminated by two small 
lamps, timed manually, to give a suitable exposure of the counter 
face upon the film record for identification purposes. The entire 
hood assembly is hinged, and may be opened to allow access to the 
wuuiM/W'   attu    one    iabc   ui    c^ne    u-iwiuwc   i-sv 

31. The Drum Film Holder is shown in Figure 15. A strip of 35 mm 
film about 18 Inches long is carried on the surface of an aluminum 
drum 5.3 inches in diameter. The film is retained on the drum by ar 
outer band of lucite. This band is under-cut so that the film 
can be slipped between it and the drum surface, through a slot 
in the drum's metal rim. When the drum rotates, the film is 
pressed against the lucite by centrifugal reaction and is thus 
held accurately in position. The drum is carried on the shaft 
of a small motor. An 1800 rpm sychronous motor is used giving 
a linear speed of the film of about 500 inches per second. 

Go Control Unit. 

32. The control unit, shown above the recorder hood in 
Figure 12 and schematically in Figure 16 is operated by relay 
circuits from a single master control, and which in turn 
controls the functions of its own recording channel. This unit 
provides, in addition, the local power at each channel for 
various operations, e.g. opening and closing the recorder 
shutters, illuminating the electric counter whose numerals 
are photographed on the record, and flashing the gas discharge 
tube which applies the timing indices. 

33. Each control function can also be initialed at the channel 
by means of a key. These keys make possible the masxual operation 
of the channel for experimental or maintenance purposes. The 
recorder motor control and shutter keys, with their associated 
relays, light red panel lamps when operated. These indicate 
proper operation of the relay circuits and also warn the 
operator to return all locking controls to normal position 
when preparing for remote operation. Other panel lamps are 
green. Thus, when the channel is ready for operation, no 
red panel lights should appear, 

34. If no camera, or a fixed camera, is plugged into the 
control unit, a base line with 1000 cycle pips appears on the 
oscilloscope, when base line key is depressed or base line relay 
is actuated. This feature of the equipment is not used in the 
application under discussion in this report«, With a rotating 
drum camera in place on the control unit, depressing base 
line key or actuating base line relay applies a base line on 
the oscilloscope without pips. 

I 
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SäääSSi. 0r- rotating drum camera plug, pins 2 and 3 are shorted8 
and pins 4 and 5 are shorted« Thus, -3OOV is applied to the 
plate of 7^ preventing it from firing« .(--30OV to pin 4, to pin 
5 through short in camera plug5 to common of timing relay, to 
timing relay, to normally closed of timing key5 to normally 
closed of timing relay? through 50 K to plate of VOo When the 
base line.key is depressed, it applies 30-cycle pulses to the 
grids of Vj. aIid V? allowing these tubes to fire and it also 
removes the shorting ground from the 5K ohm resistors from which 
the triggering pulse is obtained for use in the scope0    When V^ 
fires it applies a voltage across these now ungrounded resistors 
and the resulting voltage goes out to brighten the beam of the 
oscilloscopeo 

3J?o With no camera,, <or fixed camera), the 300 volts is removed 
from the plate of V^ and the short across the two £K ohms resistors 
is removed, so that when the base line key or relay is actuated 
and 30-cycle pulses applied to the flasher circuit, a base line 
with pips appears on the oscillo scope 0    When the timing key or 
relay is actuated, no signal appears on the oscilloscope when the 
rotating drum camera is in place because the two 5K ohm resistors 
producing the "«asm brightening pulse s.r-e shorted to ground~ 

Ho Timing Irdices. 

36. A, General Radio vacuum tube driven fork oscillator is used 
to produce a 1000-eycle signal, accurate to within  , 1S5<, This 
signal is converted into 1000-cycle pulse3, of a few microseconds 
width, by one channel of a pulss generator shown in Figure 17' 
The signal is alternately amplified and clipped hy  a series of 
four trlodes (V5 and V5) operating at zero bias, resulting in 
a 1000—cycle square wave« This is coupled by a differentiating 
circuit to the grid of an amplifier, ?n, which drives a cathode- 
follower impedance matching stage., The output consists of 70- 
volt pulses which are applied to the crater tube circuits in the 
control unite- The pulse generator further contains a generator 
of 30-cycle pulses derived from the power frequency, and there- 

which revolves at 30 rps* The 60-cycle line voltage is applied 
first to an unbiased amplifier ?ls which clips the negative 
swingso This is coupled through an oOOl mfd conä?3nser9 which, 
by differentiating the signal, applies sharp 60-cycle pulses 
to a multivibrator, V2$ operating at 30~sycleso The 30-cycle 
pulses from the multivibrator are differentiated by the coupling 
circuit to the unbiased amplifier, V^, which clips the negative 
peaks, and amplifies the positive ones* 

37o The timing signals, requir-ed for use in the drum recorder, 
are a series of short flashes occurring at milliseeond intervals9 
lasting just long enough to go once around th© recorder drum«, 
Running at 1800 rpm the drums turn once in 33 1/3 milliseconds, 

8 
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ÜL'bus a series of 33 flashes are required« To initiate these 
flashes, 30~cycle pulses derived from the line frequency, and 
1000-cycle pulses controlled by the fork oscillator, are supplied 
by the pulse generator. A gas-discharge crater tube (Sylvania 
R1130) Is connected in series with a thyratron 2050, ?A, 
(Figure 16) across a 125 mfd condenser which is charged to 300 
volts by the power supply» V4 is fired by each of the 1000 - 
cycle pulses, causing the crater tube to flash, and is extinguished 
by its rising cathode potential, due to the- charging of a »01 
mfd series condenser in its cathode return. The charge on this 
condenser leaks off through 25,000 ohms before the next pulse 
occurs one millisecond later  To prevent continued flashing 
of V4 and the crater tube, the screen of V4 is biased strongly 
negative* To allow a series of flashes, the bis3 is removed 
for J/jo second. This is accomplished by applying the 30 cycle 
pulses to the two thyretrons, V-j_ and V2, by closing a key or 
the relay R30  Initially, there is no potential between the 
cathode and plate of ¥"2, so that only ¥-j_ fires.  CChe charge on 
condenser Q>i  then flows through \\  to C2 until V-, is extinguished 
by the rising potential of C2» There is'now a potential across 
y_ vvh.il e that of Y-j - is too small for firing? The next pulse 
fIVes Vp, returning Cx to nearly it.i criginal potential,* while 
Co slowly discharges through its 2-megolim shunt« This discharge 
is slow enough to keep Vn from again firing until one or two 

lasting 1/30 second, to be applied to the grid of V^, which in 
turn removes the negative bias on the screen of Y4 ror the desired 
time. 

38= Quiescent State:  lOOC-cycle pulses are continuously applied 
to grid of V40 This tube cannot fire because its screen grid is 
held down to approximately -I50V as long as Y3 is conducting. 
I7hen V4 fires, flasher tube Sylvania P.H30 fires, flashing at a 
1000-cycle rate. 

39„ When 30-cvcle pulses i-re applied, they go to the control- 
grids of Vn and V0- However only ?x can .fire en the first 30- 
cycle pulse because Y2 has both its cathode and  plate at B' 
potential (300V) and therefore effectively zero potential 
across it, while Vi hat the full 3C0V supply across it liO 

40. Dynamic Operation: (1)3.30-cycle pulse is applied to control 
prids of VT and V2 through relay.  (2) Only Vx fires (see above). 
High side of 270-ohm resistor in plate circuit of Vi drops xrom 
300? to 1507, putting a 150-volt negative pulse on the grid ol 
V3 causing the plate of ^ to rise to ground potential; tnis 
ground potential is therefore applied to the screen of Y4. 
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(3) With screen at ground., 10O0«cycle pulses on grid of V4 fires 
this tube* which in turn fires Sylvania R1130 giving 1000-cycle 
flashes o (**•) When-high side of 270 ohm resistor drops to 15Gy„ 
a 150 V drop appears aeross V* setting this tube up for firing„ 
Also Oi drops to 150V and Co charges up to 150V0 The latter 
condenser, charging up to I5OV, applies this voltage to the 
cathode of "V-i, extinguishing this tube«, (5) When the second 30- 
cycle pulse appears on the grids of v^ and Vg, Vj cannot firs 
because Cg is still charged to 150V, putting zero potential 
effectively across Vi» V2 fires and raises high end of 270 ohms 
resistor back to 30OV. This allows V-a to conduct once more* 
bringing its plate voltage down to »l^Oy which is applied to the 
screen of Vij., shutting V4 off 0 Thus a -150 volt signal is applied 
to V3 for l/30th sec,, which in turn allows V4 to fire for l/30th 
sec» (6) When Vg fires it practically shorts the 1 meg» resistor 
across it, wiiicbTinöves the cathode of Vg £0 B* potentials 
extinguishing the tube0 (7) Vx will not fire until C2 discharges 
through the 2 meg» resistor0 This takes about 2 seconds0 

lo Shutter Control 

41 o The Shutter Control is located in-, but unrelated to the 
"Control Unittt

0 A relay« paralleled by a key marked "Shutter", 
closes a circuit through V.ie  shutter-operating solenoid of the 
recorder. This circuit is powered by a small power transformer, 
T6, and a selenium rectifier, shunted by a large electrolytic 
condenser of 1000 mfd, as shown in Figure 16„ On closure, the 
condenser, which has been charged to the peak value of the 
applied voltage, discharges through the solenoid, providing a 
strong actuating impulse» When the shutter-actuating plunger 
has been drawn into the solenoid, a small current suffices to 
hold the shutter open0 Thus, the steady current supplied by 
the rectifier, (which is much less than the initial current 
surge because the voltage falls to its average value), can 
hold the shutter open until it is released by the relay or key„ 
A small, compact solenoid, which would he burned out by the 
current necessary to actuate the shutter, were it applied 
eontlnuoualy2 can thus be usedu 

Vo RECORD ANALYSIS 

42o The 35 mm film record to be analysed is approximately 
18 inches in lengthe A typical velocity record is shown in 

- figure I80 The vertical lines are billisecond timing markr,. 
The lines of sharp pips are the sisals recorded Tv the gauges. 
They are numbered so as to correspond with the velocity gauge 
producing themc To facilitate identification some of these 
marks are made positive and others negative0 

10 
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This is done by using positive and negative gauges.  It mav toe 
observed that there are three lines of sharp pips on the film. 
The first line is produced toy the first blasting cap, the second 
line toy the second blasting cap and the bottom line contains those 
pips produced by the charge. 

430 These records are placed in a microfilm reader which magnifies 
the record approximately fifteen times and projects it on the cross 
section paper placed below it» The location of the pips are then 
marked on the cross section paper. The pips are read at the point 
where they first leave the base line at the most rapid rate. These 
distances on the coordinate paper are then measured using the 50th 
divisions on an engineer's scale, and then converted into arrival 
time. VJith this enlargement it is possible to divide the time axis 
into one microsecond intervals. Dividing this arrival time into 
the known distances between the appropriate gauges gives the average 
velocity between these gauges . \Ve then may plot a curve showing 
the velocity as a function of the distance* In addition'the 
apparent sound velocity both up and down the line« of gauges is 
determined; from which we can calculate the component of the wind 
velocity along the line of gauges and the true sound vaioclty.: 
This wind velocity correctioa is then applied to the shock wave 
velocity., 

44,, The speed of sound in free air car« also be computed from 
tables if the temperature, relative humidityj. and barometric pressure 
is known* However^, this does not include the wind velocity corroctio 
The peak pressure at the midpoint of the distance between two gauges 
Is then determined using the Rankine Hugoniot equations for ideal 
gases, as given in introduction., and deri^/ed in the appenlix. 

VI.  REPRÜDUCIBILITY 

45. The peak- pressures produced by 3~pound spherical TNT charges 
were 6~90 psi for the various distances used in the field.. 
Since many esplosivec have been fired using this equipment, a 
measure of the precision of this equipment would be indicated &$ 
a measure ox the dispersion of the r3sults assuming the explosive 
does not contribute to the scatter significantly., An average 
of all the standard deviations was used for this purpose. This 
was found to toe %»    It may toe observed that greater reproducitiaJt; 
is possible at lower pressures than at higher pressures.. At the 
lower pressures the standard deviation often goes down to 2$ tout 
at the higher pressures the standard deviation often reaches as 
high as 7^o 

46» However since larger distances and times are associated with 
lower pressures, and lower distances and times with higher pressure 
the above error might toe attributed co the increased accuracy with 
which longer distances and times can toe measured. To increase the 
accuracy with which distances between gauges are measured, 

11 
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aluminum spacer gauges are used. For Increased accuracy In 
record reading, the"gauge separation distances were chosen 
approximately logarithmic Bö that equal abscissa distances on 
the curve are obtained. A detailed diöcassion of the accuracy 
limitations of the velocity method is beyond th@ ssope of this 
report. However some of the major sources of error wilX fee 
discussed. 

^7. Although there was some variation in the accuracy of 
measurement throughout an experiment, an error of ,5$. ,,$$;> 
and .5$ in wind, time, and distance measurement Is assumed. To 
find the errors in pressure measurements due to these errors in 
velocities we use the original.Rankine-Hugoniot equation 

%     frLä ?*./* >M'\ 

and 

48. Table 1 below lists the coefficient of ^ f or selected 
pressures together with errors in pressure corresponding to the 
errors in shock and sound velocity listed above. 

TABLE I 

PRESSURE ERRORS DUE TO SOUND AND SHOCK VELOCITY ERRORS 

p flb/±nal    . ,'f , ,,,.,-.   Maximum —^U£-g   Maximum Error4ZjL 

(For Shock and 
Sound Velocity) «*• 

50. 2.69 2.1 5.6 
20. 3.71 2.1 7.8 
5. 8.86 2.1 18.6 

12 
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49. Based on tho above estimates for errors in velocities, the 
values of maximum pressure errors become 5.6$ for 50 psi, 7.8$ 
for 20 psi and 18.6$ for 5 psi. For pressures below 5 psi the 
error increases very rapidly. It is to be noted that the 
estimated errors in shock and sound velocities include 
experimental errors as well as variations due to explosives 
themselves. 

50 „ Another possible error is the assumption that the average 
velocity occurs at a distance midway between two gauges. An 
analysis of this error is fully explained in (reference (b)}. 
This error is small when the distance between the two gauges is 
small. By Judicial selection of gauge separations, this error 
has been made negligible in our measurements. 

51. The pressure measurements by the velocity method may be 
improved by more accurate measurements of the gauge separations 
At the present time these distances are measured to within 
.001 feet. 

52, Greater precision may be obtained during record reading 
if the velocity of the drums were increased, because of the 
resultant greatsr separation between the timing line pips. 
However since this error is so small in comparison with our other 
errors^ no iüx*uüex- juiiOx-eass m \.*j.-um 
the present time. 

53. Derivation of p s 
?r     r Po 

VII.  APPENDIX 
2 

~ 1), the Rankine-Hugonlot = g £ ( 2? 
1 
J. 

Equation Relating the Peak Pressure in a Shock VJave with its 
Velocity of Propagation 

*0 k. on 

U 

13 
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5^o If a shock wave travels with a velocity II into undisturbed 
air (particle velocity U0, pressure Po* density /£?  ) .and if 
the air behind the shock front is at pressure Pfl density/

5 

and particle velocity u8 then for a unit mass of air crossing 
the shock front the applications of the conservation of masss 
ffiomentunij, and energy relations will give us equations involving 
Uo P«»/3 s Ü, PQ*/^ an- uo* These equations are known as the 
Ranklne-Hugoniot equationse When these relations are supple» 
mented by an equation of state and the thermodynamle properties 
of the fluid* a relation between the velocity of propagation 
and the pressure in a shock wave is obtained„ 

55o It is convenient to consider the parameters relative to 
an observer moving with the shock front„ In one second the 
mass of the gas that crosses a unit cross section of the 
wave front from the undisturbed region is /£* (U - uo) o This 
must equal the mass that leaves from the disturbed region of 
the shock front /° (U - u) in one second „ Hence for conservation 
of mass 

(1)  /° (U - u) «£> (U - uo) 

56a The momentum of the massif (U - \äQ)  1S/£° (u - u©)2» Slmilarily 
the momentum of the nsass/°(U - u) is/3 (IT « u}20 The change in 
momentum per unit time across the'shock front must equal the 
— w — w w      w.w wihAiiQ ö J»-A-*-W      — — *% *y«-*      -*-w       V* w—      r*H «-t^.»^ ,•      u^.« - w» U«Wv      VZi      V1SC 

two sides of the shook front times the cross section area of 
the front o For unit cross section area of the shock fronts 
the conservation of momentum equatiu~3 ares 

(2) P - P0 B -y°(U - u)
2 rfi> (U - u0)2 

or 

(2a) P *^ (u - u)^ » P0 +/g? (u „ Uo)*= 

5?o To obtain the energy equation we need to know the internal 
energies, of a unit mass of the gas in front of and behind the 
sho©k front o This is the work done against ©sternal pressure 
when the gas is expanded adiabatleally to zero density „ These 
internal energies we call E and E0o 

580 The work done by pressure pev unit area per unit time on 
a mass of gas of unit cross section area of the wave fronts is 
p (U « u0) •» p (U - u) 0 For a unit mass of the gas this becomes 

ß. *- £ g  since/£°(U - Uo) is equal to/° (U - u) 0 This must 
%^oal the kinetic energy plus the change in internal energy 
of the gas„ The kinetic energy per unit mass ds given by 

Ik 



NAVORB Report 2167 

>2? KE» V2i. (U-u) - (U-u0)7. The change In internal energy 
Is given by E-E0, 

Therefor© 

Po^» - ?f« l/2^(ü-u)2 - (TJ-UQ) r   -  i-  -  \* i 

or 

(3) P0^ + V
2 (U-%)2 + E0 a P,^* 1/2 (U-u)2 * E 

59» If in equation 3, U and u are eliminated by using equations 
1 and 2, and noting that uD = o  when the fluid is initially at 
rest, we get 

(3a) £ E « E-E0 o 1/2 (P+P0)(l/£ - l^o). 

where £- E is the increase in energy per gram in passing from 
region in advance of shock front to that immediately behind 
the shock front, 

^ ,/ 60. For an ideal gas P *= K r*        9  where /° « '/•/ for a unit 
mass of the gas. Therefore the internal energy may be calculated 
as follows;     c^ ^a     - />fJ>     /• 

Similarily  £ö n rrXb _  ^  .    , x  _    a,.(tr7i 

Another relation between u and U may be obtained by multiplying 
equation (1) by U-u 

15 
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Substituting this In equation 2 we get 

and 
fp 

IX"" ~ yr 

'to 
.ö — "yo     where Crt is the sound velocity 

(6)    ^^ - -£-£ 
r '© 

Dividing equation 6 by equation 5 we get 

But P « Ps + Po 

i^s. 

<    ^ ._ ALT Si - ll 

16 
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FIG. 3 
ELATIVE   POSITION  OF CHARGE,   DETONATOR   CAPS  AND   GAUGES 

19 



in--*' •iiiiihti-liuM 

NAVORD   REPORT 2167 

---   -*i-.. 
— -  —*--.*.£ -v . ob  -    '^MTV* ft'     *-V- „ 

3HNs:Ears."tS(K: *•»•—-   —-£» -v 

FIG.4  SPACING THE GAUGES 

20 



NAVORD REPORT 2i67 

U, 
to 
ft; 

I 

to 

*•* 
•=> to 

i 

m uJ Ui 
co to 
Q "<* 
_) to 
UJ  5. 

to 
to 

Ui 

CD 

a. < 

0- 
«S5 

1- 
z 
UJ 

o 
UJ 

C
A

P
 

F
IR

I 
C

IR
C

 

z u. — 
O 

5 or Q.ft 
1- 0 St 

UJ si O CE — 
t- U. Ü 

£5 
5£ 
X o 

2 Z 
Si 
u. u. 

o> O- 

co O" 

N  O 
10 
ui 

< 

to Q- 

m o~ 

* o- 

10 o— 

CM  O" 

- o- 

o ft 

co 

21 



^ijlt»]. ^kj^j^fok) '• . 

NAVORD REPORT 2167 

fcl^S g  

FIG. 6 INSERTING THE FIRING JUMPER 
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FlG.il   FIRING AND DUAL TIME DELAY 
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